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Accepted Manuscript Nanoscale www.rsc.org/nanoscale Introduction The ability of three-dimensional (3D) periodic dielectric materials to possess a photonic bandgap was first demonstrated by Yablonovitch and John in 1987. 1, 2 As an example of such materials, colloidal crystals (CCs) have attracted increasing attention for their potential applications as photonic crystals [3] [4] [5] [6] as well as fundamental studies for condensed matter crystallization, [7] [8] [9] waveguides, [10] [11] [12] [13] sensors, 14, 15 lasers [16] [17] [18] [19] and photonic bandgap materials (PBG). [20] [21] [22] [23] These CCs have domains of high and low refractive index with the periodicity on the order of wavelength of visible light.
As a result, the CCs have the ability to manipulate the light by the formation of stop bands, in which the propagation of light is forbidden in particular range of wavelengths and directions. 20, 24, 25 Colloidal particles can be formed by hard 26 or soft 27 particles suspended in a liquid. When particles volume fraction reaches a critical point, 28 crystallization happens and colloidal particles arrange themselves in well-defined periodic arrays either in two or three dimensions. This phenomenon, which is called self-assembly, is known as the most feasible route to form CCs.
Driven force for the formation of these CCs are mainly hard-sphere 26, 29 (excluded volume repulsions) which is effective in short range and electrostatic potentials [30] [31] [32] which can be long range depending on the ionic strength of suspension. A large number of attempts have been made to fabricate 3D colloidal crystals. 27, [33] [34] [35] Despite improvements in the process of self-assembly, fabricated CCs typically suffer from a large number of defects. [36] [37] [38] [39] [40] [41] [42] [43] [44] A suspension of spherical silica nanoparticles grafted with concentrated polymer brushes, first observed by Ohno et al., 34, 45 has advantages over hard and soft colloidal particles in terms of size manipulation and interparticle distancing. In their pioneering work, Ohno et al. showed that colloidal crystals could be obtained from hybrid particles with a shell of well-defined poly(methyl methacrylate) chains densely grafted on the surface of silica cores by atom transfer radical polymerization, and suspended in a good solvent. 33, 46 The same group recently showed that the resulting colloidal crystals can be further immobilized via inter-particle crosslinking of the polymer shell, and still retain their periodically ordered structure. 47 Silica nanoparticles (SiNP) as cores for hybrid particles are a versatile substrate due to their inertness, facile fabrication routes and the feasibility of post-modification of these particles through simple chemical methodologies. 48 In this study, we used silica nanoparticles with average diameters of 75 and 135 nm to form core-shell hybrid spheres. The hybrid colloidal particles were prepared by reversible addition fragmentation chain transfer (RAFT) polymerisation from the surface of silica nanoparticles (SiNP), in order to generate polymer-shell silica-core nanoparticles. [48] [49] [50] [51] RAFT polymerization is one of the most versatile processes, in terms of tolerance towards a wide range of monomer functionality and also high degree of control over the size and uniformity of the polymer chains. 49, 52 Silica particles functionalised with a chain transfer agent (CTA) bearing triethoxysilane moieties (EHT) were used to mediate RAFT polymerisation of styrene. 53 The hybrid particles thus fabricated had highly concentrated polystyrene brushes with different chain lengths and consequently different hydrodynamic diameters. Since these particles are not electrostatically charged, the main interactions between colloidal particles are steric repulsions. In our previous work, we demonstrated the self-assembly into two-dimentional ordered arrays of hybrid particles based on a poly(methyl methacrylate) shell and a silica core. 54 In this work, we investigate the ability of core-shell particles with a polystyrene shell to assemble in three-dimensional lattices, and explore the use of two distinct processes, suspension and centrifugation of the particles. We establish optimal conditions for the use of RAFT polymerisation to obtain high density polystyrene brushes using a free radical initiator rather than styrene auto-initiation. In addition, we show that the narrow size distribution of the particles enables the formation of 3D colloidal crystals with variable reflected colours by simple centrifugation of the colloidal solution, an approach much more versatile, simpler and faster than the sedimentation technique used in previous work. 
Experimental Section

Materials
Dynamic Light Scattering (DLS).
Particles size measurements were carried out by DLS using a Malvern Instrument Zetasizer Nano series instrument with a detection angle of 173°, where the intensity-weighted mean hydrodynamic size and the width of the particle size distribution were obtained from CONTIN analysis. Each measurement was repeated three times at 25 °C with an equilibrium time of 2 min before starting measurement. All samples were prepared freshly in ethanol (for bare SiNP) and THF (for SiNP-Polymer) to avoid aggregation. Polydispersity values (PDI) were obtained from cumulants measurements. Centrifugation. Three centrifuges were used to purify the silica and hybrid particles after preparation. For the large volume of samples, an Allegra X-30 (Beckman Coulter) with 30 ml tubes and a Kubota 7780 (Kubota Corporation) with 250 ml tubes were used. For the small volumes a MiniSpin Plus (Crown Scientific) with 2 ml eppendorf tubes was used.
Size Exclusion Chromatography (SEC
Optical photographs of colloidal crystals were taken by Canon Sx100 digital camera.
Synthesis of 75 nm silica nanoparticles (SiNP)
In a modification to the method described by Rao et al., 55 0.11 mol of water was mixed with 40 ml of absolute ethanol in a round bottom flask which was equipped with a magnetic stirrer bar and then was sonicated for 5 min. 9 mmol of TEOS was then added to reaction mixture. The reaction mixture was stirred at 33 °C for 10 min. To this solution was added 25 mmol of 28 % ammonium hydroxide solution. Stirring continued for 17 hours at the same temperature. A sample was taken after three hours for analysis, at which point the suspension looked slightly turbid.
Attachment of RAFT agent to the surface of silica nanoparticles
A RAFT agent bearing triethoxysilane moieties, 6-(triethoxysilyl)hexyl 2-(((methylthio)carbonothioyl)thio)-2-phenylacetate (EHT) was synthesized as reported previously 53 (Scheme S1, Supporting Information). Synthetic silica nanoparticles (SiNP) were purified from excess ammonium hydroxide by 5 centrifugation and redispersion cycles in absolute ethanol. In the case of the suspension of commercially supplied silica nanoparticle in ethylene glycol, the solvent was exchanged to ethanol by dilution of the sample with ethanol followed by centrifugation. The supernatant solution was discarded and the sedimented SiNP were redispersed in ethanol followed by centrifugation. This cycle was repeated three times to obtain a SiNP suspension in ethanol. 1,2-Dimethoxyethane (33 mL), THF (2.7 mL), and EHT (1.06 g) were added into the suspension of SiNP (1 g) in ethanol The amount of EHT attached to the surface of the particles was determined by thermal gravimetry analysis (TGA). Equation (1) was used to calculate the grafting density (σ) of EHT on SiNP based on TGA results. 53, 58 Where, ρ is the density of silica nanoparticles (1.9x10 -21 g·nm -3 ), D is the average diameter of core particles (135 nm), m (organic) and m (SiNP) are the mass losses for EHT and silica nanoparticles, respectively acquired from TGA, N A is the Avogadro's number and M n is the molar mass of EHT.
(1) 
Self-initiated RAFT polymerization of styrene (S) on SiNP
Cleaving of the PS chains from the silica nanoparticles
To determine the molar mass of the grafted polymer, PS brushes were cleaved from the surface of the SiNP as follows: the polymer-grafted SiNP (35 mg) were solvent exchanged with toluene (5 ml) via centrifugation and redispersion (2 cycles) and was transfer to a PE bottle. Subsequently the phase transfer agent Aliquat 336 (50 mg) was added followed by the addition of an aqueous solution of HF (25 %, 5 mL). The mixture was vigorously stirred for 3 h. The cleaved polymer in the organic layer was separated from HF phase and subjected to SEC measurements. M n and M w /M n values of the grafted polymer were 28400 g.mol -1 and 1.21, respectively.
To estimate the amount of the grafted polymer, hybrid particles (SiNP-PS) were subjected to thermogravimetric analysis.
RAFT polymerization of Styrene on SiNP with radical initiator
For this polymerization of styrene, 1,1'-azobis(cyclohexanecarbonitrile) (V40) was used as a source of radicals. In a typical run, prescribed amounts of free RAFT agent (PABTC), V40 (in different concentrations, (Table 2) ) and DMF (10 % of monomer mass) were added to a round bottom flask equipped with a magnetic stirrer bar. To this mixture, SiNP in DMF and styrene were added ( Table 2) 
Self-assembly of hybrid particles as 3D colloidal crystals
(i) Self-assembly from suspension. For this self-assembly process, monodisperse and well-defined colloidal particles of SiNP-PS were dispersed in a mixed solvent with refractive index and density matching that of the particles.
(ii) Centrifugation. Highly uniform and well-defined colloidal particles of SiNP-PS were dispersed in isorefractive solvents and transferred into small polyethylene eppendorf tubes. The suspensions of these colloidal particles were spun at lower speed (5000 rpm) for 5 minutes and then for another 8 minutes at higher speed (13000 rpm).
Results and discussions
Preparation of polystyrene-grafted silica colloidal core-shell particles
Silica nanoparticles of two sizes, 135 nm and 75 nm, were used in this study. The smaller SiNP were prepared via the Stöber synthesis following the method described by Rao et al. 55 This fabrication route is particularly appropriate for the synthesis of small size silica nanoparticles, and led to a mean diameter determined by TEM of 75 The EHT functionalised SiNP were subsequently used to perform surface-initiated RAFT polymerization of styrene (S). Polystyrene is an excellent candidate for the polymer shell of core-shell hybrid particles for its high refractive index contrast with the silica particles core. 53 Polymerizations were undertaken in the presence of a free RAFT agent (PABTC) in solution, in order to improve the control over the polymerization, as detailed in previous publications. 53, 54, 62 Indeed, PABTC not only contributes to the fast exchange of thiocarbonylthio group at the polymer chain ends, but also it prevents interparticle coupling and aggregation. Polymerizations were undertaken in DMF (10 % of monomer mass) to obtain a good colloidal dispersibility during reaction.
In preliminary work, two alternative methods for the polymerization of styrene in the presence of the SiNP and PABTC were employed, by varying the initiation protocol, either by using a thermal radical initiator, 1,1'-azobis(cyclohexanecarbonitrile) (V40) at 90 °C, sample SiNP-PS2, or by self-initiation of the monomer at 110 °C, sample
SiNP-PS1. Each reaction yielded an amount of SiNP set to 1 % of the monomer mass, in order to obtain good colloidal stability. The self-initiation polymerization was stopped at medium conversions, (48.7%, Figure S3 , Supporting Information) to maintain good control. Previous works 48, 53, 62 has shown that the molar masses of free and grafted polymeric chains in RAFT polymerization are typically similar. We used the particles obtained from the self-initiated polymerization system to confirm this observation, by cleaving the polymer brushes from the SiNP by treatment with HF, revealing very close M n values for free and grafted polymeric chains, 28,700 and 28,400 g·mol -1 , respectively.
Polymerisations undertaken in the presence of the free radical azoinitiator V40 reached higher conversions and higher molar masses when compared to the selfinitiation polymerizations (See conversions by 1 H NMR spectroscopy in Figure S4 , Supporting Information), presumably due to a higher concentration in radicals arising from the higher rate of radicals generation when using an azonitiator. In addition, the polymerization proceeded to yield SiNP grafted with PS chains with a grafting density as high as 0.32 chains/nm 2 . 53 The use of a free radical initiator was preferred as the method to prepare the core-shell particles, as it led to higher conversions. Table 2 summarises the characterisation of the various particles synthesised, and Figure 1 shows the SEC traces of the free polymers. Figure 2 ). 
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The thickness of the polymer shell of the hybrid particles in their dry state was determined by the Compact Core-Shell model (Equation 2 ), 63, 64 where M n is the number-average molar mass of polymer, σ is the grafting density of core-shell hybrid particles (calculated from equation (1)), N A is Avogadro's number, d is the density of polymer, a is the radius of hybrid particles in dry state and r is the radius of silica core.
(2) Table 2 summarises the grafting densities and the compact core-shell diameters (the diameter of the particles in their dry state, 2a) of all SiNP-PS hybrid particles. From this, we observe that the compact core-shell diameter matches relatively well the diameter observed by TEM ( Figure 2 ). In addition, it is clear that the size of the 
Three-dimensional self-assembly and crystallization of polystyrene-grafted silica colloidal particles
The self-assembly and crystallisation of the colloidal SiNP-PS particles with hydrodynamic diameters ranging from 350 to 460 nm were investigated. In order to obtain nearly transparent suspensions, which is essential for the optical observations and also minimise the Van der Waals interactions between particles, [66] [67] [68] it is necessary to match the refractive index of solvent and particles. To find the effective refractive index (n eff ) of the hybrid particles, we performed thermogravimetric analysis. TGA results (Figure 3 ) showed mass losses of 40.5 %, 54 %, 32.9 % and 34.2 % for SiNP-PS3, SiNP-PS4, SiNP-PS5 and SiNP-PS6, respectively (For SiNP-PS1 see Figure S5 , Supporting Information). These mass losses are in conformity with the grafting density of the polymer shell around the silica nanoparticles, the higher grafting density results in the larger mass loss in TGA. To calculate the effective refractive index (n eff ) of these hybrid particles we used Equation (3); where Ф polymer and n polymer are weight fraction and refractive index of polystyrene, respectively and n SiNP is the refractive index of silica nanoparticles.
Considering the refractive indices of polystyrene and silica nanoparticles 1. 59 
Mixtures of chlorobenzene (Ph-Cl), o-dichlorobenzene (Ph-Cl 2 ) and 1,2dichloroethane (Cl 2 C 2 H 4 ) with different volume ratios as solvent were used to match the refractive indices of hybrid particles ( Table 3 ).
The colloidal particles were solvent exchanged from THF to the isorefractive mixed solvents. The typical procedure for the self-assembly and crystallization of colloidal particles is to let them equilibrate in an isobuoyant solvent by a suspension procedure.
This procedure was demonstrated on similar systems by Ohno et al., who illustrated the remarkable properties of this type of core shell particles. 48, 53, 62 We adapted this (Figure 4 ).
The formed colloidal crystals (CC) were completely reproducible as they could selfassemble with the same iridescent flecks after they were agitated for three times. To investigate the crystal structure visually, the suspension of CC was transferred into a hand-made glass cell ( Figure S6 , Supporting Information), left to equilibrate for a few hours, and then subjected to confocal laser scanning microscope (CLSM) measurements. Figure 5 exhibits a CLSM image of a two-dimensional horizontal slice inside the sample in the reflective mode. The yellow dots represent silica core particles arranged in fcc stacking, surrounded by a polystyrene shell. The mean nearest-neighbour centre-to-centre distance (D ctc ) between the particles was found to be 355 nm, which correlate well with the hydrodynamic diameter determined by DLS. The distance can also be estimated from the volume fraction, φ, of the particles in crystal, according to the Equation (4), which is valid for closepacked structures. 46 
(4)
Where V p is a volume of a SiNP-PS particle in the unit of nm 3 . D theo value was calculated to be 290 nm, which is in reasonable agreement with the experimentally observed D ctc . Having demonstrated the ability of our particles to assemble into colloidal crystals, we were interested in exploring a more versatile approach to obtain the crystals. We anticipated that the uniformity of our particles and their ability to self-correct their assembly, due to the 'soft' interparticle interactions arising from the steric repulsion of the polymer shell, might permit to simply use centrifugation of the particle in solution to form the colloidal crystals. This approach is far less demanding than the sedimentation procedure, in terms of time and technical set up. The only consideration for this approach is to ensure that the density of the solvent in which the particles are dispersed is lower than the density of the hybrid. Therefore, a series of mixed solvent were designed with appropriate densities, see Table 3 . The hybrid particles were centrifuged in their corresponding mixed solvents at 6000 rpm for 5 minutes, followed by an increased spinning rate to 14000 rpm for We were not able to run UV-Vis spectroscopy of the colloidal crystals (CC) in the eppendorf tube. Instead, a small quantity of the SiNP-PS3 hybrid particles were centrifuged in a thin cuvette at lower speed for a longer time. Transmission spectrum confirmed the existence of a Bragg peak at 556 nm (Figure 7) . The position of the Bragg peak (556 nm) corresponds to a lattice constant of 184 nm calculated from Bragg's Equation (Equation 5) for the close-packed face-centred cubic (fcc) lattice. λ = 2d(n eff 2 -sin 2 θ) 1/2 (5) Where λ, is the position of Bragg peak in transmission spectrum, n eff is the effective refractive index of colloidal particle, d is the lattice constant and θ is the angle of the incident light to crystal plane. Note that the effective refractive index of these hybrid particles is 1.51 and the incident light is normal (θ = 180 °).
Figure 7. Transmission spectra of colloidal crystals in a quartz cuvette acquired by
Cary 5000 spectrophotometer.
The angle-dependant iridescent color visually observed when changing viewing angle for these colloidal crystals is also a strong sign of the existence of a stop band, as demonstrated by Kitamura's group. 71 The assembly of colloidal spheres by centrifugation results in the formation of colloidal crystals with two spontaneous orientation of (100) and (111) as shown by Jensen el at. 72 (Figure 2e ). This revealed that regardless of the high grafting density of polymer shell around these particles, formation of colloidal crystals requires very well-defined core particles and the presence of a thick polymer shell cannot compensate uniformity of core particles when they undergo strong centrifugational forces.
Conclusion
Monodisperse silica nanoparticles (SiNP) with an average diameters of 75 and 135 nm were functionalized with a chain transfer agent (EHT) and subsequently used for RAFT-mediated graft polymerization of styrene. The fabricated core-shell hybrid particles (SiNP-PS) were uniform and well-defined with high grafting density as 0.3 chains·nm -2 , which made them potential candidates for self-assembly and crystallization.
Adjusting the refractive indices and the density of the hybrid particles with those of mixed solvents enabled the formation of iridescent and buoyant microcrystals by selfassembly of the particles throughout the entire suspension. We also showed that the narrow size distribution of the particles enabled the formation of 3D colloidal crystals with variable reflected colours by simple centrifugation of the colloidal solution, an approach much more versatile, simpler and faster than the traditional sedimentation technique.
